Abstract -Organizations across industry are increasingly using multidisciplinary teams as a common mode of operation. The emphasis on using self-directed crossfunctional work teams has risen from the belief that this method provides better results, shorter decision cycle times, reduced costs, and increased profits.
natural approach to problem solving will provide structures that assist the novice to gain expertise; (2) Teach general strategies that help students learn on their own. If instruction in general strategies is performed, advantages may result by reducing the amount of information required to be absorbed, increasing the capacity to learn new things, and increasing the ability to quickly access stored information; ( 3 ) Include verbalization and self-evaluation as a part of the instruction process. By stating goals and strategies at each point in the process, the likelihood of problem solving is enhanced; (4) Presenting planned or executed courses of action to one's peers assists the selfevaluation process. As students and teams assess the consequences of their actions, the quality of those actions becomes apparent. If correct, the combined teaching methods could assist in the internalization of the design process.
Objectives Approaching a Team Problem
Multidisciplinary teams working ill-structured problems must be able to make decisions in an integrated manner. Doing this is not easy. The question arises, how should a team approach a problem or the design process. Chamberlain [1] suggested the use of multiple working hypotheses when approaching a problem. All reasonable alternatives should be analyzed in a like manner. Glaser [2] characterized the design process as an iterative process composed of two steps: the generation of alternatives, and the testing of alternatives against constraints and values. He identified a three phase model for problem solving: (a) problem detection, in which a goal is formulated; (b) feature detection, in which clues are sought that might lead to appropriate actions; (c) goal analysis, in which the goals are continuously modified to yield subgoals which contribute to the solution of the problem. It is interesting to note, this model is believed to be similar to the processes involved in learning, and that instruction in these phases might increase an individual's learning capability.
A goal of problem solving instruction is the internalization of the process so that it can be used without formality. Several methods have been suggested to help with this objective [2] : (1) Teach problem solving in the manner which the mind solves problems. Therefore, organizing curriculum in sequences that mimic the minds Industry and academia understand the need for integrated teamwork [3-81. The results of its use have spurred further study and application. In fact, there is a wealth of documentation that explains the requirements and attributes of a successful team operation. Although systematic approaches to problem solving and decision making have been developed including the Kepner and Tregoe Analysis (KTA) method [9-131, there is no procedure for team integration that facilitates achieving team expectations. If a procedure could be devised that provided a framework within which team members could follow to collaborate in a team atmosphere, the enhanced results companies are seeking could be more uniformly obtained. The integrative process would enhance individual experience and facilitate the synergy of collective discipline thought. Additionally, formalizing such a methodology would allow it to be taught. This is especially important given the Engineering Criteria 2000 goals of communication, design and performance on multidisciplinary teams [3] . The American Society of Engineering Educators [4] has also stated that engineers must be able to work in multidisciplinary teams.
Understanding this, a process of integration was developed [14] . The overarching goaI included the following objectives: (1) Provide a decision methodology that improves team interaction and integration, and (2) Provide a procedure for teaching the methodology. The 
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following sections describe the decision strategy model and the instruction procedure. This is followed by an analysis of the method based on observations made during a multidisciplinary petroleum design class.
Decision Strategy Model
The decision methodology for improved team integration provides a powerful approach and way of thinking about problem solving in a multidisciplinary environment. The strategy is intended to help reduce an ill-structured problem to a structured one. By specifying information germane to the solution, the solver gains conceptual knowledge of the components of the problem [15] . The strategy does not include discipline specific words such as geology, geophysics, or petroleum engineering. Rather, the focus is on problem definition and objectives. Critical information needed to reach the objectives is identified. The identified critical information needs lead to data requirements. The economic scope and project objectives are revised as the available data and the data needs are assessed. The critical information needs are not intended to say for example, "Do a Geologic Study," but rather are intended to focus efforts on the integration of data and people that will answer the critical information needs. Successful integration does away with the compartmentalization of the disciplines and places the focus on getting the best cost-effective solution to the problem. Criteria should be developed to judge the economic viability of purchasing data needs since a costbenefit analysis is paramount to successful integration. Finally, alternatives should be identified and compared using quantitative criteria. The criteria establish the basis for recommendations and action plans. Figure 1 graphically displays the strategy [14] . Step 5
Identify and Compare Alternatives Develop Criteria for Comparing Alternatives
Step 6
Recommendations -Course of Action
Figure 1: Strategy for multidisciplinary integration
Problem Definition and Economic Scope
The initial step in the methodology involves definition of the problem to be solved, and determination of the objectives of the research. While performing these actions, consideration must be given to what influence the project's economic scope and time limitations will have on the study. It is imperative that time and effort be given and proper analysis is performed on these areas. If not, the ability of the methodology to work will be severely hampered.
Critical Information Identification
Determine what must be known by the team in order to construct a course of action. This, "Critical Information," is information without which analysis cannot be correctly or fully performed and therefore the objective cannot be achieved.
Available Data Identification
Once the critical information has been identified, the team must decide what means exist to obtain that information. The means or method will be defined as the "data source." What the data source provides will be defined as "data."
Initial Iterative Step
At this point, the team should have worked through the first three steps. The problem and objectives should have been identified, the critical information to achieve the objectives should have been agreed upon, and available data should have been analyzed. This step requires an analysis of what is known in order to determine if objectives can be met at this point, if additional data is required, or if the problem, objectives, or critical information should be modified.
Data Needs Identification and Criteria Development
At this point in the process, step 4, the team can determine what areas of uncertainty remain and what uncertainty should be resolved. Data sources that provide the greatest probability of obtaining information to clarify the uncertain areas can then be identified. Within this process the team should determine the impact of resolving or not resolving the areas of uncertainty. This provides a framework for judging the value of the needed information versus the cost to obtain the information. After critical data needs are satisfied, the iterative nature of design requires an analysis of what is known in order to determine if objectives can be met at this point, if additional data is required, or if the problem, objectives, or critical information should be modified.
Alternatives and Criteria Development
All alternatives that solve the objectives should be identified. Once identified, the alternatives should be evaluated through the use of criteria analysis. Through the analysis, the course of action which best meets the objectives while not exceeding limitations or the economic scope should be chosen.
Instruction Procedure
The teaching procedure used by the authors was very simple: teach in small steps; present examples; allow the studects to practice in "real-worId" scenarios; and provide frequent feedback.
The first tenet of the procedure is to teach the methodology in stages, following the outlined steps. Through this procedure, students begin to internalize the strategy's step sequence. They also begin to learn how each step builds on the previous, how the steps are intertwined, and why iteration may be required.
The second tenet is to ensure mastery of one step before moving to another. This is accomplished through the use of small scenarios that emphasize the particular element being taught. Since each step in the process builds on the previous one, and iteration is so important to the successful operation of the strategy, it is imperative students understand each step before moving to the next.
Next, progress through the steps until understanding in each is achieved. Then place the students in a scenariodriven exercise requiring modification of initial steps through iteration. While the students must perform in their respective area of expertise, the process of integration occurs during critical reasoning and thinking phases. In order to properly complete the integration strategy, a sharing of ideas and justification of theories must occur.
Finally, students must receive frequent feedback, both from instructors and peers. This is provided through critiques of frequent presentations and rapid instructor grading.
Feedback allows teams to view different perspectives and immediately understand the stronger and weaker points of their analysis. Through frequent feedback, teams have an opportunity to modify their assumptions throughout the process. Iteration is reinforced, and all teams have an opportunity to learn, revise, and succeed. implement the strategy. The class consisted of various experience levels ranging from fourth year college seniors with summer-hire experience to graduate students with industry experience. There were 23 students in the class; 4 geologists, 3 geophysicists, and 16 petroleum engineers. Typically, the teams are composed of one geologist, one geophysicists, and three petroleum engineers. There are two constraints for assigning individuals to specific teams:
(1) Each team should include at least one member from each of the disciplines and (2) Each team should maintain gender and cultural diversity as much as possible after meeting the discipline constraint.
All students were taught the methodology as a class, then formed into multidisciplinary teams for the scenario exercises. Scenario exercises were used to reinforce the strategy's principles. The intent was to place the students in a "real-world'' industry setting and have them use the methodology to develop an integrated solution. The first scenario was a petroleum reservoir management exercise. The second scenario was a petroleum exploration play.
Reservoir Management Scenario
The reservoir management scenario was the first scenario presented to the students. Its purpose was to provide a scenario in which the integration strategy could be implemented step by step. As in any "real-world" situation, ambiguity existed. Yet, proper integration and analysis provided clues to resolve much of the ambiguity. During this scenario, emphasis was placed on the process and integration. Analysis and feedback, provided through a structure of briefings and critiques, were given at every strategy step. The intent of this methodical process was to enforce the strategy's procedure, and initiate the process of integration throughout the critical reasoning phases.
Therefore, by the end of this scenario, students began to internalize the strategy in their decision analysis.
Field Exploration Scenario
The field exploration scenario reinforced the techniques and tools the students learned in the first scenario. It required that students make quick decisions, presentations, and written responses in an uncertain environment. A decision was required at every period, which forced students to synthesize a large amount of material in a short period of time. Proper integration and meeting management were essential to success. This scenario added the variables of cost and limited assets. Students chose between what was wanted, what was available, and how much money they could afford to spend. Because the students justified their actions in presentations and memorandums, they developed and used criteria for analysis. Emphasis during this scenario shifted from process to end-product. At the end of
Instruction Scenarios
Once the methodology and an approach to instruct it were developed, a multidisciplinary design class was used to this scenario, teams began using the integration strategy during their critical reasoning and decision analysis without the need for the formal structure. They should begin to understand how the strategy helps make quicker, more reasoned decisions.
Results of Instruction Procedure and the Strategy for Integration
The integration of information across disciplines is believed to be an important component for multidisciplinary teamwork. Team presentations and written project reports were used to document the integration of data and information that takes place in multidisciplinary teams. The analysis of team presentations and written projects focused on the use of data and the analysis of data from multiple sources to gain an integrated perspective of critical information needs. A comparative analysis across all teams over time was used to measure the degree of data and information integration and the corresponding support for decisions. A rating of ten was assigned to a high degree of integration of data and information across disciplines. A value of one was assigned to a low degree of integration. Intermediate levels of integration were assigned a value between one and ten. A high level of integration was demonstrated when data from multiple sources (e.g. core, cross sections, pressure history, production performance, and seismic data) were used to gain critical information. A low level of integration was demonstrated when only a few of the sources of data were used in the analysis. The decision support variable quantified the quality of the arguments made in reaching the final conclusions and recommendations. The scale for the decision support is similar to the scale for integration. A value of ten was assigned to high quality, rational, and researched decision justifications. A value of one equated to shallow or very weak justifications. These trends over time are presented in Figure 2 . In summary, one possible hypothesis would be: As students learned the process, they transferred emphasis to data analysis; as process understanding increased, the degree of integration increased; as integration and data analysis emphasis increased, the support for decisions increased. Although the relatively small class size did not permit the use of a control group, the faculty team did feel that the amount and quality of integration did improve as a result of the instruction procedure and implementation of the strategy for multidisciplinary integration. This perspective is based on the observed level of performance over the last 7 years when the instructional method was not applied.
Discussion
Through observations of interactions between team members, evaluation of project end-products, and the recording of team comments, three areas of emphasis were determined which most contributed to the success or failure of team integration. These three areas are a parochial versus an integrated view when solving problems, crosstraining of team members in adjacent disciplines, and proper organization and management of meetings. Observations in these three areas were made during the course and reinforce key elements in the instructional procedure and also provide areas for improving the instructional procedure. These areas are discussed in the following sections.
Parochial versus Integrated Perceptions
Team members can view the solution to a problem through two approaches: Using all assets available to them, or using all assets available within their discipline. Teams that shared information and interpretation of data outperformed teams in which one discipline dominated the interpretation.
Through the exchange of ideas, true integration occurs and a single-tracked focus dissolves. Not viewing a problem in this manner can severely disrupt the progress of a team.
Cross-Discipline Development
A perception of inferiority leads to a lack of participation within groups [16] . This was evident at the start of the design class. Certain students perceived there was a knowledge disparity between engineers, geologists, and geophysicists. Real or not, this possible disparity in knowledge curtailed team interaction. Team members did not understand terms being used or capabilities of datasources being requested. Some team members would not challenge justification provided by other team members or ask questions for fear of exposing what they did not understand. Integration was hampered.
The solution was initiated through two cross-training periods. Subject areas from each discipline were assigned to each team. After a period of research a team member, selected at random, would teach the entire class the appointed subject material. Once knowledge was shared, and questions were asked, the feelings of inadequacy began to diminish.
This example illustrates what would be true in any group situation. Team members must feel confident enough to give input and seek justification from other team members. Cross-discipline education can help build that confidence. It also provides a basis for higher quality questions, interaction, and analysis. The education may be formal, as in the above example, or informal through simple discussions and questions. The strategy for integration attempts to force this sharing of knowledge through the use of criteria analysis.
Student teams agreed the use of criteria provided this result. Comments after the first set of presentations included the need to justify all assumptions and requests. Comments from the initial scenario's after-project discussion included the feeling that the strategy had facilitated the learning process and the ability to justify all actions. The use of criteria is very important in enhancing integration through the education of team members.
Meeting Management
The ability to manage team meetings will either enhance or destroy a team's effectiveness. The objectives of most meetings are to share information and make decisions. If these objectives cannot be accomplished, the integration strategy will be ineffective. Providing a proper organization and focus to every meeting allows the strategy for integration to work. Decisions must be made at every step in the process. Managing meetings is not difficult, but the results provided in time utilization and personnel morale are very important. As a result of this research, meeting management was added to the instructional procedure for the course.
Meeting management is considered an important process enhancement variable.
Conclusions
The use of multifunctional work teams can be an excellent method to obtain superior results. This is especially the case in ill-structured problems crossing several varied disciplines. The ability to synchronize and gain the greatest benefit of all involved participants is essential for success. The decision methodology for improved team integration provides a strategy to work toward these objectives. Based upon the observations of its instruction to and implementation in a multidisciplinary design class at the Colorado School of Mines, the method is believed to be effective in enhancing the integration of data and information and improved decision support in multidisciplinary teams.
